We conducted two experiments using marginally Zn-deficient ( −Zn) calves to determine which supplemental chemical form of Zn would most rapidly reverse certain Zn deficiency signs and to determine whether a change in protein turnover had occurred in Zn deficiency. In Exp. 1, 40 crossbred beef heifers were allocated by BW to four groups. The control group received 23 mg Zn/kg diet DM from ZnSO 4 supplemented to the −Zn diet (17 mg Zn/kg diet DM). The three other groups received the −Zn diet. After 21 d, based on a decreased ( P < .05) feed efficiency, they were deemed −Zn. Cell-mediated immune (CMI) response to phytohemagglutinin (PHA) was reduced ( P < .05) but plasma and liver Zn were unaffected in the −Zn calves. Zinc was repleted by feeding iso-Zn amounts (23 mg Zn/kg diet DM) from Zn lysine, Zn methionine, or ZnSO 4 . At 8 h after injection of PHA, control CMI response values were similar to Zn Methionine, and Zn lysine was lower ( P < .05). In Exp. 2, 10 Holstein steers were allocated by BW to two groups. One group received the −Zn diet, and the other received the +Zn diet. Urine collections were obtained from both groups of calves when the −Zn calves showed a decrease ( P < .05) in feed efficiency relative to the controls and when they were repleted with 23 mg Zn/kg diet DM from ZnSO 4 and their feed efficiency had returned to that of the controls. Urinary 3-methylhistidine indicated that −Zn calves had less ( P < .05) daily protein degradation than the controls. Refeeding Zn to the −Zn group did not change BW or daily protein degradation. Results indicated that a marginal Zn deficiency decreased fractional accretion rate, increased ( P < .05) urine excretion, and tended to increase ( P < .19) Na and decrease ( P < .12) K concentrations in the urine.
Introduction
An element that is poorly available to an animal is excreted into the environment. In areas of intense livestock concentration, heavy metal contamination of soil and ground water is being regulated. The allowable amounts of these elements may not necessarily be determined by animal need, but by waste content. Therefore, to minimize excretory losses of metals such as Zn, sources providing better utilization to the animal must be found. To determine differences in utilization, criteria of Zn adequacy should be established using immunological, hormonal and biochemical indices.
Previous research indicates that a marginal Zn deficiency decreases feed efficiency, but not feed intake, in heifer calves (Engle et al., 1995) . The objectives of this study were to determine the ability of different chemical forms to reverse certain physiological effects in marginally Zinc-deficient ( −Zn) calves and to determine whether a change in protein turnover would account for the decrease in feed efficiency in calves during a marginal Zn deficiency.
Materials and Methods
Protocols for both experiments herein were approved by the Colorado State University Animal Care and Use Committee. All calves were transported 160 km from Akron, CO to the Department of Animal Sciences feedlot at Fort Collins.
Experiment 1
Adaptation Phase. Forty weaned Hereford × Angus heifers were weighed before feeding on two consecutive days after arrival (BW, 209 ± 14 kg). All calves were placed in one 500-m 2 pen and for 28 d given ad libitum access to the control diet (Table 1 ). The control diet was fed with a ground corn-based supplement (Table 1) . Zinc (as ZnSO 4 ) was supplemented to the corn supplement to increase total dietary Zn to 40 mg/kg diet DM and other nutrients (Table 1 ) to meet or exceed the suggested NRC (1996) requirements for beef cattle gaining .6 kg/d. The supplement was top-dressed immediately after the diet was put into the bunk. Each day the cattle were monitored and found to consume the supplement before the roughage portion of the diet. Dietary CP, Ca, P, Cu, and Zn were analyzed by Weld Laboratories Inc. (Greeley, CO).
On d 25, 26, 27, and 28 of the adaptation phase, the calves were bled before feeding to provide baseline plasma Zn measurements. Blood samples taken from calves in both experiments were collected by venipuncture from the jugular vein using an 18-gauge needle. Blood was collected in heparinized trace mineral free Vacutainer ® tubes (Becton Dickinson and Company, Franklin Lakes, NJ). Blood was immediately chilled in ice, returned to the laboratory, and centrifuged at 1,000 × g for 15 min, and plasma was harvested and frozen at −20°C until it was analyzed for Zn content.
On d 27 and 28, consecutive body weights were taken before feeding, and on d 28 liver biopsies were taken. Liver biopsy sites were clipped of hair, scrubbed three times with Betadine (Purdue Fredrick, Norwalk, CT),then scrubbed with 70% ethyl alcohol, and the area was locally anesthetized with 5 mL of lidocaine (20 mg/mL; Vedco, St. Joseph, MO). A liver biopsy was obtained through an incision made between the 11th and 12th ribs on a line from the tubercoxae to the point of the shoulder. A core sample of liver weighing approximately 50 mg was taken with the true-cut technique (Pearson and Craig, 1980) using a modified Jan Shide bone marrow biopsy punch (.5 cm in diameter × 14 cm in length). Liver biopsies were immediately rinsed with deionized water and drained to remove contaminating blood. The biopsy was placed in a polyethylene tube, capped, and frozen at −20°C.
Zinc Depletion Phase. After the 28-d adaptation phase, the calves were allocated by weight to one of four treatment groups of 10 calves/group. One group remained as the control and was fed the control diet (40 mg Zn/kg diet DM). The other three groups received the −Zn diet in which the ZnSO 4 was omitted from the control diet to give 17 mg Zn/kg diet DM. Each group was fed in one of four 400-m 2 pens. Each pen was equipped with one pinpointer feeder (Pinpointer 4000 USI Cooperation, Cookeville, TN) to measure individual feed intakes. The pinpointer feeders were housed under a roof and on concrete pads. The roughage portion of the diet was cubed (50 cm × 25 cm 2 ) to prevent bridging in the pinpointer feeders. The pinpointer feeders were filled every 2 d with approximately 125 kg of total mixed diet. Before filling the pinpointer tubs, the supplement was mixed with the cubed hay. A consistent and constant mixture of hay and supplement was obtained, due to the cubes flaking apart upon mixing.
Body weights and blood samples were taken before feeding, on d 0, 3, 7, 10, 14, 17, and 21 of the depletion phase. Twenty-one days after feeding the −Zn diet, 90% or more of the calves in each of the three pens demonstrated at least a 50% decrease in feed efficiency relative to the controls and were deemed moderately Zn-deficient, and a liver biopsy was taken.
On d 22 of the Zn depletion phase, hair on the right side of the neck was clipped, and .75 mg of phytohemagglutinin ( PHA; Sigma Chemical, St. Louis MO) in .1 mL of .9% NaCl in phosphate buffer was injected intradermally at two separate sites in the neck to measure the cell-mediated immune ( CMI) response (Fritz et al., 1990) . Inflammatory response was measured as a change from the heifer's skin thickness before and at 8, 12, 24, and 48 h after injection with PHA using skin-fold calipers (Slim Guide, Creative Health Products, Plymouth, MI).
Zinc Repletion Phase. On d 0 of the Zn repletion phase, Zn repletion was begun by feeding 23 mg Zn/kg DM from one of the following sources: zinc methionine ( ZnMet) , zinc lysine ( ZnLys) , or ZnSO 4 to give a total dietary Zn content of 40 mg Zn/kg diet DM. On d 7 of the Zn repletion phase, the second PHA test was conducted. After d 12 of Zn refeeding, the third and final liver biopsies were taken, cattle were weighed and bled before feeding on d 13 and 14, and the experiment was terminated.
Experiment 2
Adaptation Phase. Ten Holstein steers were weighed before feeding on two consecutive days after arrival (BW, 125 ± 1.6 kg). The calves were housed in individual pens (10 × 1.5 m ) with feed bunks on concrete pads under a roof. The calves were fed the control diet for 14 d (Table 1) . Throughout the trial, no supplement was recovered upon determination of daily feed intake. This 2-wk period allowed the calves to become accustomed to individual pens, jugular bleeding, handling, tethering, haltering, and urine harnesses. At the end of the adaptation period, the calves were weighed and bled on d 13 and 14, their feed efficiency was determined, and liver biopsies were taken on d 14 for Zn analysis.
Zinc Depletion Phase. Calves were weighed on two consecutive days before feeding and paired on the basis of BW .75 /feed intake into five pairs. One calf of each pair was allocated to the control group and received the same diet fed in the adaptation period (40 mg Zn/kg diet DM). The other calf from each pair was assigned to the experimental group. The calves in the experimental group were fed the control diet without supplemental Zn added (total diet, 17 mg Zn/ kg diet DM) for 21 d until all five calves had a decrease ( P < .05) in feed efficiency. These calves were then considered Zn-deficient, and blood plasma and liver biopsies were taken for Zn analysis. The calves were then tethered to their feed bunks for 2 d, where they were fed their diets and given water. A urine collection bag was strapped to each animal and connected to a vacuum pump via 9.5 mm i.d. plastic tubing (Morgan et al., 1992) . During these 2 d, two consecutive 24-h urine collections were obtained. The urine was collected in 20-L glass containers to which 200 mL of 6 N HCl was added to prevent nitrogen loss. At the end of each 24-h collection period, total volume of excreted urine was measured and mixed and a 50-mL sample was obtained and frozen at −20°C until it was analyzed (Morgan et al., 1992) .
Zinc Repletion Phase. After two complete days of urine collection, all calves were fed the control diet containing 40 mg Zn/kg diet DM. On d 14, when feed efficiency of the deficient group had returned to that of the controls, a liver biopsy was taken, a 2-d collection of urine was taken, and the experiment was terminated. Calculations of muscle protein ( MP) metabolism were performed according to Gopinath and Kitts (1984) and McCarthy et al. (1983) as described by Jones et al. (1990) . The 3-methylhistidine ( 3-MH) pool in skeletal muscle was calculated by multiplying the estimated muscle mass (33% of body weight; Allen et al., 1968; Brannagan, 1971) by the protein content of skeletal muscle mass (157 mg/g fresh weight; Gopinath and Kitts, 1984) and the 3-MH content of skeletal MP (3.5106 mmol 3-methylhistidine/g muscle protein; Nishizawa et al., 1979) . The fractional degradation rate ( FDR) of MP was calculated by dividing the daily excretion of 3-MH in urine by the amount of 3-MH in the skeletal muscle pool and multiplying by 100.
Fractional accretion rate ( FAR) was calculated as the rate of skeletal muscle protein gain divided by total skeletal MP pool at the time urine samples were obtained. The calculation was as follows: FAR = ([MP 1 − MP 0 ]/T ÷ MP 1 ] × 100), where MP 1 was the measurement of total MP at the current urine collection period, MP 0 was the measure of MP from the previous urine collection period, and T was the number of days between collection periods. The numerator of the FAR is equal to the absolute rate of muscle protein accretion ( MPA) .
The fractional synthesis rate ( FSR) of the mixed MP pool was calculated as the sum of FDR and FAR. This calculation is a modification of the calculation used by Millward et al. (1975) , who used the FSR and FAR to calculate FDR. Myofibrillar protein degradation ( MPD) was calculated by dividing the daily 3-MH excretion by the concentration of 3-MH in muscle. The rate of MP synthesis was calculated as the sum of MPD and MPA.
Tissue and Urine Analyses
Liver samples were dried in a 60°C drying oven for 24 h to determine DM. The tissue samples were then wet-ashed in .5 mL of 7 N nitric acid in an acidwashed centrifuge tube to reduce Zn contamination. The tubes were then placed in a 50°C water bath for 12 h and analyzed directly. Plasma samples were diluted 1:5 (vol/vol) with deionized water for Zn analysis. All Zn analyses were determined using flame atomic absorption spectrometry in the Diagnostic Laboratory (Dept. of Pathology, Colorado State Univ., Fort Collins; Varian Model 1275).
Urinary concentration of 3-methylhistidine was determined with HPLC procedures (Warren Labs, Greeley, CO) as described by Wassner et al. (1980) and modified by Wheeler and Koohamaraie (1992) . Because of the observed increase in urine excretion by the −Zn calves, urine Na and K levels were analyzed. Urinary Na and K concentrations were analyzed using inductive coupled plasma photometry (ICP; Soils, Water, and Plant Diagnostic Laboratory, Colorado State Univ.).
Statistical Analysis
In both experiments, the model, where appropriate, contained treatment, calf within treatment, period, time, and the treatment × time interactions. Repeated measures ANOVA were performed, using the GLM Procedure of SAS (SAS, 1989) , on changes during the Zn depletion and repletion phase, in Zn concentrations in plasma and liver, CMI response, feed efficiency, urine excretion, and urinary concentrations of 3-MH, Na, and K. Treatment least squares means were tested with a protected F-test, with significance determined at P < .05.
Results and Discussion

Experiment 1
At the end of the 28-d adaptation phase, there was no difference ( P > .05) between calf body weights, feed intake, and plasma and liver Zn concentration (Table  2) . However, following Zn depletion there was a reduction ( P < .05) in average daily gain (Table 2) , feed efficiency (Table 2) , and PHA skin swelling response (Figure 1 ) in −Zn calves, which supports similar findings by Engle et al. (1995) . Based on the 50% reduction in feed efficiency in the −Zn calves by d 21, calves were considered marginally Zn-deficient at that time. The reduction in feed efficiency in the −Zn calves is similar to that reported by Essatara et al. (1986) in rats. Zinc depletion did not affect plasma or liver Zn concentrations.
During the Zn repletion phase, feed efficiency of the calves fed ZnMet returned to that of the controls by d 3, whereas feed efficiency of calves fed ZnLys and ZnSO 4 returned to that of the controls by d 9 (data not shown). However, no differences between Zn sources were noted in feed efficiency over the entire 14-d repletion phase. Plasma and liver Zn concentrations also were not affected by Zn source. Spears et al. (1991) and Wapmir (1985) have demonstrated that essential trace minerals in chelated form can improve animal function and production. In chickens, ZnMet had a bioavailability of 206% relative to ZnSO 4 (100%) and ZnO (62%; Wedekind et al., 1990) .
At 8 h after injection of PHA, calves fed ZnLys had lower ( P < .05) CMI response than controls or ZnMetsupplemented calves (Figure 2) . At 12 and 48 h after injection, all treatment CMI response values were similar, and at 24 h after injection control and ZnSO 4 calves had lower ( P < .05) CMI response values than those fed ZnMet and ZnLys. Zinc methionine supplementation has been shown to increase antibody titers against bovine herpesvirus-1 in cattle compared to Zn from a ZnO supplement (Spears, 1991) . Figure 1 . Mean skin swelling response to phytohemagglutinin (PHA) from calves fed during the zinc depletion phase. The +Zn calves received the control diet, which contained 40 mg Zn/kg diet (23 mg Zn/kg diet from ZnSO 4 ). The −Zn (−Zn1, −Zn2, and −Zn3) calves received the same diet with no supplemental Zn (total Zn, 17 mg Zn/kg diet). Skin swelling response was measured as a change from skin thickness before the subdermal injection of .75 mg of PHA in .1 mL of physiological saline at two separate sites in the neck. Measurements were taken at 8, 12, 24, and 48 h after injection. The injection was given 21 d after initiation of the −Zn diet. At 8 and 12 h after injection, +Zn calves had greater swelling a, b (P < .05) than the −Zn groups.
Experiment 2
The initial body weights, feed intake, average daily gain, feed efficiency, and plasma Zn were not different among the treatment groups at the end of the adaptation phase (Table 3) . Body weight, average daily gain, and feed efficiency of the −Zn calves were decreased ( P < .05; Table 3 ) and urine excretion was increased ( P < .01) compared to the +Zn calves (10.1 L/d ± 2.9 and 3.2 L/d ± 1.1, respectively) at the end of the 21-d Zn depletion phase. Research conducted by Song (1987) demonstrated that Zn seems to be beneficial for Na-K balance in rats. Rats fed a −Zn diet excreted more Na and less K than did rats fed a +Zn diet. Because of the observed increase in urine excretion by the −Zn calves, urine Na and K levels were analyzed. The −Zn calves ( n = 5 ) tended to excrete more ( P < .19) Na (2.37 g/d ± .35) and less ( P < .12) K (18.85 g/d ± 2.6) than did the +Zn calves (1.61 g/d Na ± .5; 21.95 g/d K ± 3.1). This implies that there may have been a Na-K imbalance in the −Zn calves, thus causing them to excrete more urine.
Upon Zn repletion, average daily gain and feed efficiency returned to that of the controls (Table 3) , and urine excretion of the −Zn calves was reduced ( P < .05; 5.1 L/d ± 1.3). At this time, the repleted −Zn calves excreted less ( P < .05) Na (1.8 g/d ± .28) than and the same ( P > .05) amount of K as during the Zn depletion phase. This implies that the possible Na-K imbalance may have been corrected as noted by the observed decrease in urine excretion.
Plasma Zn concentration showed no change between groups ( P > .05) at any time (Table 3) . During the depletion phase, the liver Zn content of the −Zn calves was greater ( P < .05) than that of the +Zn calves (Table 3 ). This observation is in contrast to research by Smart et al. (1981) , who showed a decrease in liver Zn content during Zn deficiency.
Muscle protein degradation at the end of the Zn depletion period was greater ( P < .05) in the +Zn calves than in the −Zn calves (Table 4) . Instead of observing a decrease in muscle mass due to an increase in protein degradation, results showed that during a marginal Zn deficiency FDR, FAR, and FSR decreased ( P < .05; Table 4 ). The marginally Zndeficient calves, which had a decrease in feed efficiency due to a decrease in gain in conjunction with lower MPD, FAR, FDR, and FSR, may have downregulated proteolytic enzymes involved in muscle protein degradation to maintain a balance of the Figure 2. Mean skin swelling response to phytohemagglutinin (PHA) from calves fed during the Zn repletion phase. The +Zn calves received the control diet, which contained 40 mg Zn/kg diet (23 mg Zn/kg from ZnSO 4 ). The −Zn calves received 23 mg Zn/kg diet from either ZnMet, ZnLys, or ZnSO 4 (total Zn, 40 mg Zn/kg diet). Skin swelling response was measured as a change from skin thickness before the subdermal injection of .75 mg of PHA in .1 mL of physiological saline at two separate sites in the neck. Measurements were taken at 8, 12, 24, and 48 h after injection. The injection was given 14 d after initiation of the Zn replete diets. At 24 h after injection, ZnMet and ZnLys calves had a longer and greater swelling response a, b, (P < .05) than the ZnSO 4 and control groups. mineral and protein. Therefore, we hypothesize that this reduction in growth during marginal Zn deficiency, coupled with the same feed intake and a possible Na-K imbalance as shown by the increased urine excretion of the −Zn calves, is a possible cause of the observed change in feed efficiency.
Upon Zn repletion to the −Zn group there was no change ( P < .05) in MPD and FDR (Table 4) , but there was an increase ( P < .05) in FAR and FSR (Table 4 ) and a decrease ( P < .05) in urine excretion compared with the measurements obtained at the end of the Zn depletion phase. This suggests that as the (Table 3) , the +Zn calves had no change ( P > .05) in urine excretion but had a decrease ( P < .05) in 3-MH excretion MPD, FDR, and FSR (Table 4) . We speculate that the numerically greater growth of the +Zn calves is due to maintenance of the FAR (Table 4) , in conjunction with the reduction of MPD and FDR. Data from this research indicated that a marginal Zn deficiency did not produce a decrease in muscle mass or an increase in protein turnover in Holstein steer calves but decreased the rate of protein turnover, increased the volume of urine excreted, and tended to increase the concentration of Na and decrease the concentration of K in the urine.
Implications
In marginal Zinc deficiency when overt deficiency signs are absent, a decreased cell-mediated immune response may make calves more susceptible to infectious disease. A Zinc deficiency may also affect proteolytic enzymes involved in muscle protein degradation and result in the maintenance of a balance of the mineral and protein.
